Affective haptic interfaces are designed to influence one's emotional and physiological state via the sense of touch, and may be applied as communication media to increase the sense of closeness. Recent research suggests that stimulation with physical warmth can enhance this interpersonal closeness: a physical-social warmth link. It is often suggested that this link may be particularly suitable for application in affective haptic interfaces, but the scientific evidence is inconclusive. In this work we investigated whether adding physical warmth to a communication medium-an interactive teddy bear -could increase social connectedness between remotely located interactants and could provide physiological comfort during stressful circumstances. Moreover, we investigated whether the warmth could best be presented to the users as a mere physical attribute of the medium or as mediated body heat; thereby manipulating the attribution of the warmth to either a non-social or social source. The results of two studies in which participants ostensibly received a message from an unknown other (Study 1, N = 65) or comforting messages from their own partner (Study 2, N = 62), and meta-analyses did not provide support for the hypotheses that warmth, purely physical or attributed to one's partner, can positively influence one's social and physiological state. Although future research should corroborate our findings, they indicate that the physical-social warmth link may not be as applicable in affective mediated communication as suggested.
Introduction
Over the years, a plethora of computer mediated communication (CMC) devices and applications has been developed to address humans' innate need for social connectedness and intimacy [8] . However, CMC is often criticized for impoverishing and devaluing human communication [91] , and may even have contributed to the prevalence of individualism and feelings of loneliness [15] . That is to say, brief textual or audio-visual messages supposedly cannot match the intimacy as experienced during face-to-face contact. To achieve more intimate CMC, interfaces that modulate one's emotions via the sense of touch [32] could be particularly suitable. These 'Affective Haptic Interfaces' [90] could be utilized in a non-social way, by merely drawing upon their physical qualities. Different materials and textures (e.g., [35, 81, 84, 96, 106] ), or haptic actuators such as vibrotactile [79, 80] , air jet based [89] , friction-based [77] , or force feedback [5] can be employed to elicit affective responses in the receiver. Another approach to use affective haptics is to directly attribute the physical stimuli to a social source, as is for instance the case with touching social robots [88, 101] or in Mediated Social Touch [26, 36, 40] . The latter approach may alter the perceptions of the physical stimuli and the associated affective responses due to the social connotations the message entails. To better understand how affective haptic CMC that is aimed at increasing social connectedness and intimacy should be designed, it is important to discern between the non-social and social qualities of physical stimuli.
Using non-noxious physical warmth is often proposed for affective CMC [9, 33, 47, 87, 98] , as it provides a pleasant, comfortable feeling, is semantically associated with positive emotional valence [9] , and activates brain regions associated with positive emotions [82, 104] . Moreover, perceptions of physical warmth can activate perceptions of 'social warmth' (i.e., the experience of being connected to another) [47, 102] : a physical-social warmth link. In practice this means that holding warm objects, or residing in relatively warm environments, may activate pro-social behaviors and cognitions [44] and decrease feelings of loneliness [6] . While warmth may elicit beneficial responses in every user, it may be particularly suitable for people that suffer from loneliness, stress, or psychological pathologies [6, 72] . In this work, we set out to test the hypothesis that the physical-social warmth link is also applicable in CMC, and that physical warmth thus can increase feelings of connectedness and comfort between remotely located interactants. Moreover, we investigate whether attributing different meanings to the warmth results in different affective responses from the receiver. That is, the warmth is described to the participant either as a mere physical, non-social quality of the interface, or as (social) warmth that represents the sender's body heat.
In the remainder of this paper we will substantiate our hypotheses by discussing why physical warmth actually may be valuable for social connectedness and comfort in CMC. Moreover, we describe related work, and elaborate on the role of attribution in CMC, after which we describe and discuss two studies. With the work as presented here we intend to further inform the design of haptic CMC interfaces that can effectively provide feelings of social connectedness and comfort.
The link between physical and social warmth
The physical-social warmth link supposedly stems from our period as newborns, during which we are often held closely by our parents and perceive their bodily warmth [56, 103] , and during which the foundations of psychological mechanisms such as affect and social bonding are formed [11, 44] . Moreover, the perceptions of physical and social warmth seem to share neurobiological mechanisms, which appear to be unrelated to the hedonic qualities of warmth [48] . Both the perception of physical and social warmth can activate the same areas in the insular cortex (responsible for social cognitions and emotions) [19, 47] , and neurochemical substrates [48] .
Perceiving physical warmth thus seems to imply physical closeness to a source of affiliation and therefore a sense of social connectedness. This suggestion was supported by a study in which people perceived the physical distance to a warm drink as smaller than to a cold drink, after holding it [28] . Related studies demonstrated that people, when residing in a warmer environment or when being primed with a warm object, use more language that is associated with feeling socially connected to others. Moreover, people focus more on relational characteristics of abstract figures rather than on their individual attributes, and they feel more social proximity towards another [45, 78] . Also, the desire to bond was higher when primed with physical warmth [28] . This increased social connectedness resulted for instance in increased altruistic behavior such as sharing small gifts [44, 102] , whereas coldness made people invest less with an anonymous partner and decreased trust [53] . Moreover, holding a warm drink, contrary to a cold one, led people to perceive others as socially warmer [102] . They attributed more 'socially good' personality traits such as friendliness [4, 31] to an ambiguously described other person, whereas traits that are unrelated to this socially warm-cold dimension remained unaffected by the warmth.
The physical-social warmth link appears to be bidirectional. When people think about relationships and communal feelings [83] , or when they are physically close to others [46] , they tend to perceive the ambient temperature as higher. When people experience social stress such as exclusion or guilt, they perceive the temperatures as lower [6, 108] and they actually become physically colder as their skin temperature decreases [41, 49] . Socially stressed people show an increased need for compensatory or restorative physical warmth. They for instance have more warm drinks or take more warm baths, and this warmth supposedly reduces the stress [6] . Since warmth may be beneficial for social connectedness, physical comfort, and psychological comfort, it seems suitable for affective CMC.
The exact underlying mechanisms of the physical-social warmth link are not fully understood though, as the research is still in its infancy. Moreover, the research may suffer from publication bias or even false positives, for instance due to underpowered studies [43] . This is reflected in failed attempts, with significantly larger sample sizes, to replicate the effects of warmth on perceived personality [63] , the relation between communal feelings and the ambient temperature [25] , and the need for compensatory warmth during social stress [24] . Since the majority of the effects of warmth has been found in direct contrast with coldness, and because coldness decreased altruistic behavior [53] , it could be that physical coldness has a negative impact on people, rather than warmth having a positive effect [6, 99] . Moreover, rather than being a specific response to social stress, the decrease in skin temperature may also be a common sympathetic response to negative, stressful events [54, 75] , which is reflected by vasoconstriction in for instance the fingertips or the tip of the nose. The inconclusiveness regarding earlier research on the physical-social warmth link and its underlying mechanisms warrants an empirical validation of the suggested beneficial effects concerning social connectedness and comfort of warmth in CMC [9, 33, 47, 72, 87, 98] .
Warmth in computer mediated communication
On the premise that social touch is one of the most intimate forms of face-to-face communication and is essential for wellbeing, social bonding, and behavior [29, 30, 32, 66] , affective haptics have been employed to simulate social touches with the intention to induce similar beneficial effects [26, 36, 40] . Since body warmth is an important physical quality of a human touch [1, 38] , it has also been included in several mediated touch devices. Examples include artificial representations of hugging (e.g., [22, 86] ) and holding hands [34] , and a more abstract interaction in which squeezing a "White Stone" results in the heating of another augmented stone [87] . Although such devices supposedly can enhance the social connectedness while being separated, and may be particularly suitable for the conveyance of affective messages [60, 61] , empirical evidence for this claim is sparse and inconclusive. Perceiving a warm "thermal hug" around the waist, that was sent by the partner during a mediated collaborative task, increased social presence [33] . Also, physical interactions with warm non-human social entities, robots with 'body heat', resulted in a more positive attitude towards these robots and a stronger sense of trust and friendship [67, 69] . With regard to one's emotional state, research has demonstrated that stimulation with different thermal patterns elicits various emotional responses [76] . When haptic patterns consisting of warmth, vibration, and a tickle sensation were attributed to another person and presented while watching an emotional movie, these mediated touches reduced physiological stress responses with a similar rate as real human touch [13] . On the contrary, warmth did not affect the social perceptions of a fictitious peer after mediated interaction [99] . Applying the physical-social warmth link as means of affective CMC thus is not trivial. Moreover, it remains unclear whether the effects found were mainly caused by the attribution of the warm message to "the sender" and the associated social meaning, or merely by the physical qualities of the interface. In the former explanation, the warm messages could be considered a form of disclosing affect and personal emotional information; mechanisms that are known to contribute to intimacy during communication [16, 58] . In the latter case, the effects of the warm messages would mainly draw upon the inherent physical comfort and/or the physical-social warmth link.
In the work as presented here, we intend to shed additional light on the roles that these aspects may have in affective haptic CMC, by actively manipulating both the physical temperature and the source, and thus the social meaning, of the warmth. This is done in two studies in which participants were invited to communicate with another person via an affective haptic communication interface, and to evaluate this haptic message afterwards. The interface contained heat-pads that were either switched off (i.e., the "Room Temperature" condition), or switched on. When the interface was warm, we manipulated the attribution of the warmth to either a non-social or social source. The warmth was either presented as a physical attribute of the interface that was switched on beforehand, and thus did not have social meaning (the "Artificial Heat" condition), or as a real-time display of the communication partner's "Body Heat", with inherent social meaning. During these two three-conditions between-subjects experiments, we set out to find support for the following hypotheses: With this work, we intend to further inform the design of affective haptic CMC interfaces by investigating the applicability of the physical-social warmth link. Moreover, we intend to further inform the approach to take in the design of effective affective haptic interfaces; for instance with regard to increasing social connectedness. That is, this work could show whether an approach that mainly relies on the perception of the physical qualities of the interface may already suffice in sorting beneficial psychological and physiological effects, or that more elaborate processing, such as interpreting the actual meaning or intentions of the haptic signal, is required.
Study 1: haptic communication with an unknown other
In the first study, participants were invited to engage in communication with an unacquainted communication partner, which in fact, and unknown to the participants, was fictitious. They were led to believe that the other person could see the participant and could send a message via a haptic interface, after which the participant was asked to assess this other person based on the received message. The main aim of this study was to gain insights in the general applicability of the physical-social warmth link in CMC.
Methods

Participants
A total of 65 participants took part in the study and were randomly assigned to the Room Temperature (n = 22; 15 male, 7 female), Body Heat (n = 22; 10 male, 12 female), or to the Artificial Heat (n = 21; 15 male, 6 female [105] , and participants gave written informed consent prior to the experiment.
Setting and apparatus
Participants communicated with the fictitious other person via the haptic interface "Nakama" [100] , which is an actuated teddy bear (see Fig. 1 ). While this interface was inititally developed for remote parent-child communication, it was deemed suitable for the research as presented here as well. Nakama includes heat-pads, fits the cover story and attribution manipulation, and can be remotely controlled. A sender can remotely move the arms of the bear to gesture and touch. Each of the bear's shoulders contains two servo motors that enable movement of each arm in upward-downward and leftright direction. The sender can also wiggle the bear's ears and change the colors of its snout. Moreover, the bear can display the sender's heartbeats by means of a vibrotactile motor, and it can dissipate heat via a heat-pad embedded in its belly. For this study the heart rate was set to 70 BPM and the snout was green so that it, contrary to red or blue, would not have a direct association with warm or cold. The heat-pad was either switched off (i.e., room temperature; on average 22.9 • C) or on. In the heated conditions, the temperatures as perceived on the participants' skin were in the range of 30-36 • C, which correspond with a mean temperature of 50. by means of Maxim Integrated 'iButton' temperature loggers set to 0.0625 • C accuracy. There are interpersonal differences in thermal sensitivity and the extent to which one considers a thermal stimulus 'warm' or 'cold', which are for example modulated by one's age and gender [52] . Moreover, thermal perception is subject to the ambient temperature and the physical qualities of the stimulus (e.g., size, body location, absolute temperature, or rate of change [51] ). The thermal stimuli as presented in Study 1 (as well as in Study 2) were nonetheless deemed suitable as the temperature difference with the participant's skin was large enough to be well perceived and because both the ambient and bear temperatures were kept as constant as possible.
The participant was guided through the experiment by means of instructions and questionnaires in Google Forms. When the participant was instructed to hold the bear to receive the haptic messages, the experiment leader pressed a covered button to initiate a sequence of four stroking movements. These were rendered through up-and-down movements of the bear's right arm and applied to the participant's left arm. The experiment leader was present in the same room as the participant, seemingly minding his own business. We opted for this hide in plain sight solution to minimize the participant's suspicion regarding the communication partner being fictitious. The setting is depicted in Fig. 2. 
Measures
We investigated three dimensions that have extensively been investigated in research on the physical-social warmth link and that were deemed relevant for affective CMC. These dimensions are the sense of social connectedness between the self and the interaction partner, perceptions of the personality of this other person, and perceived comfort. To investigate the social connectedness between the participant and the 'other', the Inclusion of Other in Self scale was utilized ('IOS'; [3] ). Participants were asked which of seven to a different extent overlapping circle pairs best represented how close they felt to the other. The extent of overlap indicates the extent of social connectedness. This measure was successfully applied in research on physical warmth by IJzerman and Semin [45, 46] . To investigate how physical warmth may affect perceptions of an interaction partner, participants were asked to assess the other person on ten Personality Traits (7-point bipolar scales, e.g., generous vs ungenerous), after reading an ambiguous description of this person. Five of the traits were related to the Warm-Cold dimension [4, 31, 102] and therefore expected to be affected by the manipulations, whereas the unrelated traits were expected to remain unaffected. This method is similar to the one applied by Williams and Bargh [102] , who were among the firsts to propose the physical-social warmth link. The experienced comfort while receiving the haptic message was evaluated with the 'emotional attributes' of the Touch Perception Task ('TPT'; [35] ). Participants were asked to indicate on a 5-point scale to what extent 14 terms such as irritating, soothing, or sensual described the experience they just had. The scores were aggregated to the factors Arousal and Comfort.
Procedure
The participant was welcomed and referred to the form on the laptop, in which Nakama and the other person were introduced: "Nakama has various communication channels such as moving arms and a colored snout that can be controlled by another participant. This other person can see you via the webcam. Moreover, this other person wears a sensor on the body, which measures heartbeat. You can feel this heartbeat in the bear." The attribution manipulation was added: "Nakama can display different temperatures, but for this study, the temperature is set at a constant level" (only applicable for the Room Temperature and Artificial Heat conditions). In the Body Heat condition the participant was led to believe that "besides the heartbeat, the sensor measures body temperature, which is also displayed via the bear". Next, the participant was asked to sign an informed consent form and to enter their age and gender. After viewing an instructional picture on how to hold the bear, the participant was asked to pick it up and hold it closely, after which the haptic message of approximately 30s was initiated. We deliberately opted for a relatively brief message, as earlier research also demonstrated beneficial responses after a short exposure to warmth (e.g., [28, 102] ). Subsequently, the participant was asked to fill out the IOS, Personality Traits, and TPT questions, after which (s)he was thanked. A session took approximately 10 minutes.
Results
Data of four participants (3 male, 1 female) were omitted from the analyses as the recorded temperatures inside the bear deviated too much (> 2 standard deviations) from the average bear temperatures in the respective conditions. For the remaining 61 participants (Room Temperature: 20, Artificial Heat: 19, Body Heat: 22), the scores on all items were aggregated into the factors Personality Traits on the Warm/Cold dimension (Cronbach's α: .67) and Unrelated Traits (α: .19) (following the factors as described by [102] ), and the TPT factors: Arousal (α: .78) and Comfort (α: .86), as proposed by [35] . A one-way ANOVA on the IOS scores, with experimental group as independent variable did not yield significant effects: F (2, 58) = 0.76, p = .475, partial η 2 = .025. A one-way MANOVA including the scores on both types of personality traits, did not yield a significant difference between groups either: Wilks' = 0.99, F (4, 114) = 0.10, p = .983, partial η 2 = .003. No effects of the conditions on the Comfort and Arousal scores were found either, according to a one-way MANOVA: Wilks' = 0.98, F (4, 114) = 0.36, p = .834, partial η 2 = .013. Additionally, planned contrasts between the Room Temperature condition and the combined scores of both warm conditions were carried out, in order to investigate the effects of physical warmth as compared to room temperature. None of these contrasts yielded significant differences either (all ps > .670). The mean scores of the IOS, Personality Traits factors, and TPT factors are depicted in Fig. 3a-c. 
Discussion
Although a growing body of research suggests that physical warmth can activate pro-social cognitions [43] , and that this is a valuable implication for CMC, our results do not corroborate this. No effects of warmth on social connectedness, personality perceptions, or comfort were found. Consequently, the attribution manipulation did not sort effects either. If physical warmth actually can activate pro-social cognitions in CMC, this may only apply within specific boundary conditions. Here, we discuss potential boundary conditions that were not accounted for in Study 1, and we provide a rationale for Study 2, in which we investigate the effects of warmth embedded in a richer situational context.
A first possible boundary condition concerns the duration and absolute temperature of the thermal stimulus. This may have made the perception of the warmth more difficult and therefore less effective than in the earlier research that suggests the link between physical and social warmth. In said studies, participants were often exposed to the warmth for a longer period of time (e.g., [28, 44, 46, 78, 102] ; ranging from approximately 1 to 15 minutes). The temperatures of the warm stimuli in these studies were likely higher than the body temperature simulations that participants perceived in our study. However, some studies also report effects after brief exposures to the heat (e.g., [28, 102] 1 ), whereas nulleffects are reported despite longer durations [99] . In order to exclude this aspect as an explanation for the null-effects, participants in Study 2 will be exposed to the physical warmth for a longer period of time. A second possible boundary condition which we did not consider in Study 1 concerns the context in which the message was sent, both in terms of the meaning of the message and the social context. Since participants did not know the fictitious interaction partner, they were unfamiliar with his/her intentions and the message could have been perceived without any apparent meaning. For a message to be interpreted, a shared understanding of its meaning is essential. This meaning also depends on the context and the complete conversation in which the message is embedded [36] . In line with this, and with real life touch interactions, the social context plays a significant role. Mediated touch communication may only be appropriate between actors in a close relationship [33, 73] . Our second study will therefore take place in a contextually richer setting, where the intentions of the messages are clear. Similar to the paradigm of Cabibihan and Chauhan [13] , participants will provide comforting touches to their partner during stressful circumstances.
Thirdly, personal characteristics such as one's need for social closeness ('attachment style' [7, 11] ), and/or for social touch ('touch receptivity' [10] ) may have influenced the results. The physical-social warmth link supposedly originates from early intimate experiences during which also one's attachment style emerges, but these experiences and thus attachment styles can differ substantially per person. As a consequence, one's attachment style may have a modulating function in the effects of physical warmth. A higher need for attachment supposedly increases the sensitivity to the physical-social warmth link [28, 44, 95] . We did not take this aspect into account in Study 1. The actual influence of attachment style is open for debate though. Some studies report effects of warmth without considering attachment style (e.g., [6, 102] ), whereas other studies failed to replicate the influence of attachment style [59, 99] . We will nonetheless take attachment style, as well as touch receptivity, into account as a potential boundary condition for Study 2.
Study 2: Communicating with one's partner
In the second study, romantic couples were invited to evaluate a new communication system, namely Nakama. The couples were led to believe they would watch a scary movie simultaneously, albeit in separate rooms. During viewing, one person of the dyad could send comforting messages to the receiving partner via Nakama. This paradigm is partly based on the premise that real human touches can alleviate stress responses [17, 23] , and on earlier mediated touch research by Cabibihan and Chauhan [13] . The roles of sender and receiver were switched for a second movie. In reality, the sender and receiver watched the two movies crosswise, and all messages through Nakama were scripted, in order to make sure every participant was exposed to the same stimuli. Unknown to the participants, the buttons that were pressed on the controller by the sender thus did not have any influence on the messages. This setup allowed us to investigate the effects of warmth and attribution over a longer period and in a relatively rich situational context. That is, the haptic messages were sent in the social context of a romantic relationship with the intention to provide comfort during stressful circumstances; a potential application of affective haptics. Moreover, additional subjec- tive and physiological measures were included to gain more insights in the opportunities and limitations of the physicalsocial warmth link for CMC, and to verify the influence of personality characteristics such as attachment style and touch receptivity.
Methods
Participants
In total, 31 heterosexual romantic couples participated in the experiment. The mean age was 51. [105] . Participants gave written informed consent prior to the experiment.
Setting and apparatus
Two adjacent lab rooms of ca. 2.5x3 m, with an average temperature of 20.0 • C, were furnished and decorated similarly. When the participants assumed the receiver role, and thus were holding Nakama, they watched the movie "The Descendent" [2] , whereas "Red Balloon" [92] was displayed when participants assumed the sender role. The movies were projected with a 1024x768 px resolution on a 1.5x1 m sized screen on the wall. As suggested in [71] , excerpts from a neutral aquatic movie, "Coral Sea Dreaming: Awaken" [37] were displayed prior to both movies, in order to bring people quickly (back) to their physiological baseline level. The participants sat on a couch, approximately 2 m from the screen, while wearing headphones for the movies' audio and to mask the sounds of Nakama's motors. The experiment leader overviewed both rooms from an adjacent control room via cameras and a monitor (see Fig. 4 for an impression of the setting). The experiment leader initiated eight messages via the bear. Two messages consisted of ear wiggling, one of a color change from green to yellow, and five events comprised touches. Three of the touch sequences consisted of three up-and-down stroking movements each, whereas the other two sequences contained nine up-and-down strokes each. As the cover story comprised the evaluation of Nakama as communication medium, including a small amount of 'messages' was deemed essential. Excluding all messages could imply that the partner did not have any intentions to comfort the receiver, which in turn would bias the results. The average temperature of the bear in the warm conditions was 48.0 • C (SD: 5.4, range 37.3-57.7 • C, valid cases only). Physiological stress responses were recorded with the BioSemi ActiveTwo system (http://www.biosemi.com), with passive Nihon Kohden electrodes for the Galvanic Skin Response ('GSR') and active flat Ag-AgCl electrodes to measure cardiac activity. Physiological data were logged by means of Actiview software (v7.06), with a sampling rate of 2048 Hz. Markers to synchronize the physiological responses with movie and messages sent through Nakama were placed automatically, via custom-built software.
Measures
Since physical warmth may elicit responses on different dimensions, we applied a series of measures and categorized them in Social Warmth, Communication Experience, and Emotional and Physiological Comfort. Personal Characteristics were recorded as well. Contrary to Study 1, all questionnaires of Study 2 were in Dutch.
Social warmth To investigate how the temperature and attribution would affect the perception of the partner as well as the perceived social connectedness, the same measures as in Study 1 (i.e., IOS [3] and Personality Traits [102] ) were applied. Since the questions in Study 2 were formulated to assess the partner, the general ambiguous description as applied in Study 1 (see: Sect. 2.1.3) was omitted. An additional IOS scale to assess the perceived intimacy, and the Presence-in-Absence ('PiA') Subscale of the Affective Costs and Benefits in Communication Technology questionnaire ('ABCCT'; [107] ) were included as well. The PiA consists of three statements such as "Communicating with my partner using Nakama helps me feel closer to my partner", to be answered on a 5-point likert scale.
Communication experience
We investigated to what extent participants felt that communication via Nakama could provide Social Support ('SS'; 5 items) and allowed Emotional Expression ('EE'; 3 items). These subscales are particularly applicable, as the ABCCT [107] was specifically developed to evaluate communication media on different dimensions, after usage in a daily life context. Moreover, the perceived Arousal and Comfort were measured again (TPT; [35] ).
Emotional and physiological comfort
Besides the affective experience related to communication, we also wanted to gain insights in the participant's emotional state. To this end, we applied both subjective and objective physiological measures. To record the perceived emotional state both prior to and after the movie in which participants received messages, the Self Assessment Manikin ('SAM'; [12] ) and a validated Dutch translation [70] of the Positive and Negative Affect Schedule ('PANAS'; [97] ) were utilized. The SAM is a 9-point pictorial scale to measure Valence, Arousal, and Dominance and the PANAS indicates one's levels of Positive and Negative Affect by means of 5-point ratings of 20 adjectives related to affective state. Moreover, participants were asked how scary, respectively thrilling they experienced the movie (11-point scale: '0' = not at all, '10' = very much) [21, 74] . Additionally, we recorded the participant's GSR, which is linearly correlated with arousal [57] and located the electrodes at the palm and on top of the first lumbrical muscle of the left hand. Moreover, Heart Rate ('HR') and Heart Rate Variability ('HRV')-i.e., the temporal differences between successive inter-beat intervals in the electrocardiogram ('ECG') [85] -were measured by means of two electrodes that were placed on the right clavicle and the left floating rib. When one is more aroused, the HR increases [64] and HRV decreases. We utilized the Root Mean Square of Successive Differences ('RMSSD') as measure for HRV. The proposed range of objective and subjective measures was considered suitable to provide a coherent and reliable image of one's emotional state, and thus on how warmth and the attribution may affect this state. The mean GSR, HR, and HRV were determined for a 2 minute baseline period while watching the neutral movie, and for the duration (10:47) of the scary movie excluding the non-scary introductory scenes.
Personal characteristics
Besides the age and gender, the Attachment Style [7] of the participant was assessed. Each participant indicated on a 7-point likert scale how descriptive each of four short Dutch paragraphs [26, 65] was for him or her. The most descriptive paragraph represented the participant's attachment style (either secure, dismissing, preoccupied, or fearful). In line with IJzerman et al. [44] , who amongst others suggest the modulating effect of attachment style on the physical-social warmth link, we recoded the latter three as 'insecure'. Participants also reported their Touch Receptivity with 10 7-point items ('TR'; [10] ). The Dutch Marital Satisfaction and Communication Questionnaire [94] was included to measure relationship strength, as this may modulate the responses to touch [17] . Participants were asked how applicable ('1' = 'Not', '7' = 'Highly') 16 statements regarding the subscales Marital satisfaction, Negative communication, and Open communication were.
Procedure
Each couple was introduced to a demonstration version of Nakama, and to the applicable temperature attribution in a similar way as in Study 1. To emphasize the cover story that Nakama is a real-time display of heartbeats, the experiment leader wore a physiology sensor on the wrist and explained that his cardiac activity was displayed in real time. In the Body Heat condition, participants were led to believe that the experiment leader's body heat was sensed and displayed similarly. Participants were encouraged to feel the signals in the bear and they were told that the electrodes to measure their physiological responses would also convey the heartbeats, and in the Body Heat condition also the warmth (to this end, a bogus temperature sensor was attached in the Body Heat condition). After a briefing on the procedure and the aim of the study (i.e., "investigate how Nakama can be applied and how it is experienced"), participants signed an informed consent form and moved to separate rooms where the crosswise procedure started. The sequence of activities, questionnaires, instructions, and movie watching is listed in Table 1 , as are the respective roles (i.e., sender or receiver) each participant assumed during each session. The receiving participant held the bear directly to his/her body throughout the movie, in order to ensure a long exposure to the warmth. The sending participant was instructed to convey messages at his/her own discretion throughout the movie. The 'sender-movie' was respectively followed by a few bogus questions (not reported) and by a neutral movie to bring the sender's arousal level back to a baseline level. The session took approximately 1h40, and Table 1 The procedure of study 2 with the various questionnaires (Q) and the accompanying measures was closed with a debriefing on the deceptive elements in the study.
Results
Preprocessing
Two female participants indicated to have difficulties with comprehending the questionnaires, and the temperature manipulation failed for one male participant. Their data, but not the data from their partners, were considered invalid and therefore omitted from all analyses (remaining n per group: Room temperature: 19, artificial heat: 22, body heat: 18). Due to technical problems with the physiological recordings, emotional state data from six additional participants were omitted from that analysis (n = 18, 18, and 17, respectively).
The physiological measurements were processed with MATLAB R2013b (http://www.mathworks.com) and imported with the FieldTrip toolbox [68] . By means of a Fast Fourier Transform, the low frequency components in the ECG were filtered out, after which the HR and HRV were derived with a peak-detection algorithm. Moreover, as suggested by Lykken and Venables [62] , range correction was applied on the GSR data. Each GSR data point was divided by the maximum GSR value for each individual and the mean GSR was computed subsequently. The scores of all subjective items were aggregated into the appropriate factors.
Stress elicatation
A repeated measures with recording moment as independent, within-subjects variable (two levels: baseline and experiment) MANOVA was carried out on the objective (HR, HRV, and GSR), and on the subjective (PANAS and SAM subscales) data of the 53 valid cases, to verify whether the movie indeed increased arousal as compared to the baseline levels. The internal consistencies of both the pre-and post-movie Positive Affect (Cronbach's α: .86 and .84, respectively) and Negative Affect (α: .82 and .85, respectively) scores were good. The HRV data were log 10 -transformed to correct for the violation of the normality assumption. The analysis yielded a significant main effect of recording moment: Wilks' = .47, F (8, 45) = 6.36, p < .001, partial η 2 = .531. Subsequent investigations of the repeated measures ANOVAs of each dependent variable (see Table 2 ) indicated that the GSR, subjective Arousal (SAM), and Negative Affect significantly increased due to the scary movie, whereas the Valence and Positive Affect significantly decreased, as compared to the baseline. 
Emotional and physiological comfort
To investigate how the warmth and attribution manipulations affected the emotional state of the same 53 participants, we computed the differences between the untransformed experimental measures and their baseline counterparts for all aforementioned dependent variables. Subsequently, a oneway MANOVA was carried out on these difference scores and on the Scariness and Thrillingness scores, with the experimental group (i.e., Room Temperature, Artificial Heat, and Body Heat) as independent between-subjects variable. The analysis did not demonstrate a significant difference between any of the groups: Wilks' = .79, F (20, 82) = 0.51, p = .953, partial η 2 = .111. Additional planned contrasts between the Room Temperature and the two warm conditions combined did not yield significant differences either. All Emotional State scores are listed in Table 3 .
Social warmth
The two IOS scores, the Personality Traits related to the Warm-Cold dimension (Cronbach's α: .75) as well as the unrelated traits (α: .59), and the Presence-in-Absence subscale (α: .75) were included as dependent variables in a MANOVA, with experimental group (i.e., Room Temperature, Artificial Heat, and Body Heat) as independent variable. No effects of the experimental group on the perceptions of the partner could be found. Wilks' = .93, F (10, 104) = 0.38, p = .951, partial η 2 = .036. This absence of significant differences also applied in the planned comparisons between the warm conditions and the Room Temperature condition.
Communication experience
The aggregated Arousal, Comfort, Emotional Expression, and Social Support scores (Cronbach's α s, respectively: .85, .90, .65, and .85) were included in a MANOVA with the three groups as independent variable. A significant effect of the experimental condition was found: Wilks' = .74, F (8, 106) Table 4 .
Interpersonal differences
When included as covariates in MANCOVAs, neither Touch Receptivity (Cronbach's α: .69), Marital satisfaction (α: .84), Negative communication (α: .84), nor Open communication (α: .71) did affect the interpretation of the effects of physical warmth and the attribution on the various measures. These covariates are therefore not further reported. Two-way MANOVAs were carried out with attachment style (secure, insecure) and the experimental group as independent variables, and the same sets of dependent variables as reported before. The division of secure and insecure participants for the Room Temperature, Artificial Heat, and Body Heat groups was 8/10, 11/7, and 10/7, respectively, for the Emotional State analyses, and 9/10, 12/10, and 11/7, respectively, for the remaining analyses. Neither main effects 
Meta analyses and post-hoc power tests
Although none of the between-subjects effects reached statistical significance, the majority of the scores did emerge in the hypothesized direction. As one of the criticisms regarding the supposed effects of warmth concerns the power of the studies [43] , we decided to conduct random-effect model meta-analyses on the recurring measures of Study 1 and 2 (i.e., IOS, Warm/Cold Personality Traits, and Arousal and Comfort (TPT)), in order to increase the power. The effects of warmth (i.e., Room Temperature vs warm conditions combined; n = 120) and attribution (i.e., Artificial Heat vs Body Heat; n = 81) were investigated. The results of the metaanalyses corroborate the findings of the individual studies, as no significant effects were found for any of the measures (see Table 5 ). Moreover, post-hoc power analyses were carried out to provide a better understanding of the practical significance of the effects. The effect sizes of all statistical tests of Study 1 and 2, computed with G*Power [27] , can be considered small at best, according to the conventions by Cohen [18] . Given the small effect sizes, the power (1 − β) to actually detect effects varied between 0.08 and 0.34, with the exception of the Communication Experience test in Study 2, of which the effect size was medium and the power 0.88. With the power set at the recommended 0.80 [18] , the required sample sizes for the tests would have to increase to at least n = 123, and even to n = 1188 for the least powered test, for the group differences to reach statistical significance. This means that even if the effect would reach significance for large samples, its practical relevance is still limited.
General discussion
With two studies and meta-analyses, we set out to find empirical support for the suggestion that interaction via a physically warm medium may increase comfort and pro-social cognitions about one's communication partner, as compared to interaction via an unheated medium [9, 33, 47, 72, 87] . We intended to verify whether the physical-social warmth link is also applicable in CMC. To further inform the design of haptic communication devices, we also discerned between warmth that is attributed to non-social, inanimate technology, and warmth that has inherent social connotations [i.e., the body heat of a stranger (Study 1) or one's own partner (Study 2)]. Although the participants thought that a device that mediates body temperature provided more opportunities for emotional expression, this was not reflected in other effects of physical warmth. Despite the longer exposure to the warmth, a richer situational context, and the consideration of individual personality characteristics in Study 2, neither the temperature nor the attribution manipulation did alter perceptions of closeness to the interaction partner or pro-vided additional emotional or physiological comfort during stressful circumstances. Our results are in line with earlier failed attempts to find support for the existence of the physical-social warmth link [24, 25, 63, 99] and the supposed modulating role of attachment style [59, 99] , but contradict a growing amount of studies that suggest the existence of this link [43] . Here, we discuss our methodology and findings and relate these to earlier research on the physical-social warmth link. We will argue that contrary to what is often suggested, this link may not necessarily be suitable for affective CMC.
The absence of the hypothesized effects of physical warmth may be explained by the medium that was used. First of all, Nakama may have been perceived as childish which may have reduced the overall impressions of the messages. Moreover, due to its design, the effects of warmth on comfort and social connectedness could not be investigated in isolation. That is, holding a soft object during communication may in itself already alleviate stress responses. A decrease in cortisol level (i.e., the "stress-hormone") was for instance found while hugging a pillow during a phone call [81, 106] , and interactions with soft robotic plush animals increased the "love-hormone" oxytocin [84] and had beneficial effects on coping with stress on the longer term as well [96] . There is no added value of warmth, over simply holding a bear at room temperature, with regard to stress reduction. It is however unlikely that the childishness and potential physical comfort provided by Nakama also account for the absence of physical-social warmth effects. One may of course suggest that (a combination of) the mediated touches, heartbeats, and perhaps the other channels have occluded the effects of physical warmth on social connectedness, as these signals may have increased the social connectedness by themselves [26, 36, 40, 50] . This suggested ceiling effect seems however unlikely considering the 'mildly warm' perceptions of the interaction partner (according to the scores in both studies); the influence of the other communication channels seems negligible. We can conclude that if warmth has positive effects on comfort and/or social warmth, it does not prevail over the other physical qualities and communication channels of Nakama. An additional caveat that has to be placed is the fact that sensitivity to thermal changes differs from person to person (e.g., [51, 52] , see also Sect. 2.1.2). While it is unlikely that these interpersonal differences affected the outcomes of our studies (as earlier research on the physical-social warmth link did also present generic thermal stimuli), future research could benefit from a paradigm in which thermal changes are applied in reference to the participant's current body temperature (e.g., [76] ).
After Study 1, stricter boundary conditions within which physical warmth in CMC supposedly could induce effects were proposed. In line with earlier research (e.g., [28, 99, 102] ) the results of our studies suggest that the duration of the exposure to the warmth is not an essential boundary condition. It may however be the case that the contrast between the warmth and room temperature was not large enough to detect effects. That is, the majority of studies in favor of the physical-social warmth link discern between warm and cold conditions (e.g., [28, 44, 102] ), and coldness supposedly has a negative impact on pro-social cognitions, rather than warmth having a positive impact [6, 53, 99] . People may have a default orientation towards others that can be described as 'mildly warm' [6] , and likely a warmer attitude towards their own partners; a claim that can also be supported by the scores in both studies. Additional physical warmth may not change this default as much as coldness can [6] ; in particular because avoidance motivations towards the social world (which in this case would be represented by coldness) are usually stronger than approach motivations (or warmth) [6, 14] . This would not necessarily mean that warmth has no effects, but that the added value of it can mainly be found in its restorative or compensatory effects in cases of social stress, such as feelings of loneliness, guilt, or exclusion, or with psychological pathologies [6, 39, 43, 55, 72, 93] . Despite the introduction of a clear context for the haptic messages in Study 2, namely comforting the partner in a situation of stress, no social stress was induced. Moreover, the participants knew that their partner was literally close by and directly available after the scary movie. Since we did not actively induce social stress, or at least control for it, one may say that our methodology was not suited to actually detect the supposed effects of warmth in CMC. This argument does not seem sound however, as the majority of studies that report positive effects of physical warmth do not include a social stress context either (e.g., [28, 33, 45, 78, 102] ). If the physical-social warmth link actually would be applicable in CMC, we would at least have found some indications that warmth positively influenced social cognitions.
Although there is a growing body of evidence in support of the physical-social warmth link, neither the underlying mechanisms nor the boundary conditions are fully understood yet; the research is still in its infancy [42, 43] . Moreover, some of the studies may have had a participant sample that was too small to actually support the tested hypotheses, which could have resulted in possible publication bias or even false positives [43] . Although the sample sizes in our studies and meta-analyses (n = 65, 62, 120, and 81, respectively) can be considered substantial, they appeared, according to our posthoc power analyses, too small to actually demonstrate effects of warmth and the attribution thereof. This may simply be because the effects, if these actually exist, do not seem to be as outspoken as suggested. Moreover, as mentioned, there have been several attempts, often with significantly larger sample sizes, to exactly replicate results (e.g., [24, 25, 59, 63] or to find similar effects (e.g., [99] ) that were unsuccessful. Abovementioned considerations raise the question whether the supposed effect actually exists, and if so, to what extent these significant findings are of actual practical use. Our results suggest, contrary to earlier research [9, 33, 47, 72, 87] , that the effects on comfort and social warmth, if any, are not substantial enough to be of practical significance during CMC. This is however not to say that we should disregard warmth as a communication medium altogether. Valuable insights in the conveyance of emotions through different thermal patterns have been gained in earlier research (e.g., [60, 61, 76] ). However, the elicitation of beneficial responses in CMC through the use of warmth should be based on other principles (e.g., abstract thermal messages) than on the physical-social warmth link.
Although the majority of the results suggest that physical warmth does not induce outspoken social responses in CMC, participants did indicate that mediated body heat increased the perceived opportunity for emotional expression. These findings may seem contradicting. It could however be the case that the participants considered the option to switch the non-social, inanimate temperature on or off merely as an attribute of the device, whereas the conveyance of body heat may have been considered an actual social communication channel. Having this additional communication channel could have increased the perceived 'richness' of the devicei.e., the extent to which a medium facilitates the conveyance of immediate feedback and contextual information [20] and may therefore have provided more options for emotional expression. Even though it is not reflected in the actual social cognitions, this finding suggests that in order to advance the understanding of the design of affective haptic communication devices, it is indeed valuable to discern between responses that are elicited by the physical qualities of haptic interfaces and those informed by the social meaning of the signals.
Conclusions
Based on the results from our studies and meta-analyses, which could not confirm any of the hypotheses, as well as on the doubts and criticism regarding the suggested physicalsocial warmth link, we conclude that physical warmth does not have clear beneficial effects with regard to feelings of social connectedness, social warmth, or comfort in a setting of CMC. The effects of the physical-social warmth link, if any, seem too small to be of actual practical use. Warmth does, according to the physical-social warmth link, not induce significantly stronger effects than alternative affective haptic communication channels such as mediated touch or heartbeats. If the supposed beneficial effects of the physicalsocial warmth link actually exist, they may only appear in CMC under very specific circumstances that go beyond the ones that were considered in our studies. In order to advance the development of effective affective haptic interfaces, it is not only important to understand the opportunities that these interfaces offer, but also their limitations. From the latter perspective, the work as presented here thus provides valuable knowledge despite the unsupported hypotheses. Another valuable insight provided by this work is the suggestion that research on affective haptic interfaces in general, not only interfaces that include warmth, should discern between the inherent hedonic qualities of haptic actuators, and stimulation with haptics that have social meaning such as social touch technology. A thorough understanding of the capabilities of different (combinations of) haptic actuators and attributions, and of how these stimuli are cognitively processed, may inform the design of meaningful haptic CMC devices.
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